revealed stark differences (1). These differences were postulated to be related to depolymerization of the basement membrane by soluble factors, potentially derived from stromal cells (1). Collagen degradation in mammalian tissue was initially described by Woessner in 1962 (2), but the field of study of extracellular matrix (ECM) remodeling proteins was pioneered by the study conducted by Gross and Lapiere, also published in 1962 (3). The work appeared in the Proceedings of the National Academy of Sciences and described the ability of a single, soluble factor derived from certain tadpole tissue explants to lyse purified collagen ex vivo (3). Prior to the 1962 study by Gross and Lapiere, ECM remodeling in the mammalian context was a poorly understood phenomenon and had been hypothesized to be related to lysosomal protease activity (2,4)_. The landmark discovery of a soluble collagenase led to a shift in ideology about ECM degradation and tissue remodeling. The study of these isolated proteolytic enzymes over the following decades uncovered vast amounts of information on how proteins of the extracellular space are degraded and maintained.
ABSTRACT
Matrix metalloproteinases (MMPs) were identified as early as 1962. Since this seminal finding, this family of zinc-dependent endopeptidases has been studied extensively. This collective work has resulted in delineation of MMP gene and protein structures, the mechanisms of control of MMPs, the action of MMPs on their substrates, and of course their role in normal physiology and their crucial roles in pathophysiology. Stemming from the discovery that MMPs contribute to arthritis, heart disease, and cancer, amongst other diseases, attempts to develop treatment strategies incorporating MMP inhibition have been undertaken. The results of these endeavours have been mediocre, resulting in few FDA-approved MMP inhibitors mostly due to the broad-spectrum nature of these early inhibitors and unwanted side effects of MMP inhibition. The future of exploitation of MMPs in disease lies in the design of more targeted inhibitors; in order to accomplish this, we must all understand the subtle differences between each MMP and their contextual roles. In this chapter, we aim to overview major topics regarding MMPs and what direction we may go in the future.
INTRODUCTION
As early as 1949, comparison of the architecture of rapidly progressing tumors and slow-growing tumors revealed stark differences (1). These differences were postulated to be related to depolymerization of the basement membrane by soluble factors, potentially derived from stromal cells (1). Collagen degradation in mammalian tissue was initially described by Woessner in 1962 (2) , but the field of study of extracellular matrix (ECM) remodeling proteins was pioneered by the study conducted by Gross and Lapiere, also published in 1962 (3) . The work appeared in the Proceedings of the National Academy of Sciences and described the ability of a single, soluble factor derived from certain tadpole tissue explants to lyse purified collagen ex vivo (3) . Prior to the 1962 study by Gross and Lapiere, ECM remodeling in the mammalian context was a poorly understood phenomenon and had been hypothesized to be related to lysosomal protease activity (2,4)_. The landmark discovery of a soluble collagenase led to a shift in ideology about ECM degradation and tissue remodeling. The study of these isolated proteolytic enzymes over the following decades uncovered vast amounts of information on how proteins of the extracellular space are degraded and maintained.
animal tissues. They were isolated from cultures derived from skin wounds, regenerating newt limbs, gingivae, bone, postpartum rat uterus, and immune components (5-10)_. Not only were proteases isolated from a number of tissues and cell cultures, but they were also increasingly associated with certain pathologies. Some of the earliest diseases to be associated with ECM remodeling include periodontal disease (gum resorption) and cholesteatoma (7) . Eventually, it was also found that collagenases could be derived from rheumatoid synovium and metastatic tumor explants (11-14). As it became increasingly apparent that these isolated proteases were critical to degrading ECM and participated in both physiological and pathophysiological processes, studies to purify, characterize, and define the mode of action of these proteases were undertaken. This issue of Frontiers in Bioscience seeks to explore the myriad of functions these proteases play in normal physiology and disease. Here in this section we provide an overview of basic structure and functions of ECM remodeling proteases, specifically the matrixins, or matrix metalloproteinases (MMPs).
CLASSIFICATION OF MATRIX METALLOPROTEINASES
The MEROPS database is a large repository of information regarding families of proteases (15, 16 ). This particular tool allows for search of peptidases and their groupings, along with substrates, inhibitors, and known cleavage sites. According to the MEROPS system, MMPs are classified in the clan MA and fall into the M10 family, which is the metalloendopeptidase family. The classification of metalloendopeptidases into a group called the 'metzincins' within the endopeptidase superfamily was initially proposed in 1993 (17, 18). The metzincin family is characterized by two major features, the requirement of a coordinated Zn 2+ in the catalytic active site and the methionine turn (Met-turn) (17). The sub-families that comprised the metzincin family at that time included the astacins, adamalysins, serralysins, and matrixins (17). Each of these families could be distinguished from one another based on the residue (Z) that is found at the end of the conserved zinc-binding sequence (HEXXHXXGXXHZ) (i.e.: Glu (astacins), Asp (adamalysins), Ser in (matrixins), and Pro in (serralysins)). Recently, another mechanism by which to classify metallopeptidases has been proposed (19). Cerdá-Costa et al. suggest that metalloproteinases should first be divided by whether they are dimetalate (containing two catalytic metals) or mononuclear metallopeptidases. By this system, MMPs fall into the subclass mononuclear metallopeptidases, the tribe zincins, the clan metzincins, and the family of matrixins (19). The tribe zincins includes any peptidase that contains the motif HEXXH, with the clan metzincins including the conserved zinc binding site HEXXHXXGXXHZ and the Met-turn (19). MMPs from vertebrates are modular, containing particular elements that are similar amongst all of the family members (Figure 1) . A small signaling peptide (~20 amino acids), a propeptide region (~80 amino acids), a calcium and zinc dependent catalytic domain (~165 amino acids), a linker region of varying residue length (may determine what substrates the MMP can accommodate), and a hemopexin-like domain (PEX) (~200 amino acids) (22). Certain MMPs also contain additional domains, including fibronectin-like repeats (MMP-2, -9), immunoglobulin-like domains, and vitronectin-like repeats. Further, members of the family that are membrane-bound may contain either a glycosyl phosphatidylinositol linkage signal or transmembrane and cytoplasmic tail domains (MMP-14, MMP-17, MMP-24, and MMP-25) (Figure 1 ).
MATRIX METALLOPROTEINASE PROTEIN STRUCTURE

The signal peptide
The signaling peptide region, previously referred to as the pre-domain, is variable amongst proteins but commonly consists of a positively charged N-terminal segment, followed by a hydrophobic section, and finally a polar C-terminal segment (23). This peptide interacts with the signal recognition particle (SRP) and eventually the signal recognition peptide receptor at the target, i.e.: endoplasmic reticulum (24, 25). This is a general phenomenon for secretory proteins and MMPs are no exception. Specific mutations within the signal peptide of MMPs have been associated with disease (26). The inability of a mutated signal peptide to interact with the SRP disrupts correct protein trafficking. For example, a mutation in the hydrophobic region of the signal peptide of MMP-14 results in decreased cell surface expression © 1996-2015 and reduced ability to activate MMP-2 and remodel extracellular matrices which presents as an osteolytic disorder, as proper skeletal formation and maintenance requires the action of MMPs (23).
The propeptide domain
The propeptide domain is crucial to regulation of MMP activity, as it serves to block access to the catalytic domain; matrixins are usually secreted in zymogen form and require activation. The propeptide domain is included in even the most structurally simple of MMPs (MMP-7) and is composed of three alpha chains with flexible connecting loops (20). The prodomain is a stable domain because the three helices tend to form a hydrophobic core via interactions with one another, despite being connected by flexible loops (27, 28). Jozic, et al. suggest that the bundle formation of the three helices in the domain are ideal for the sequential activation that has been documented to occur in MMPs, which includes a proteolytic event that cleaves the prodomain and an autocatalytic event that completes the removal (22, 27). The connective loops in this domain are highly susceptible to proteolysis; indeed in MMP-1, -2, and -3 the first step in zymogen activation is cleavage of the loop between helix 1 and 2 (H1 and H2) (28, 29). Additionally, some MMPs contain a furin-like consensus site that is acted upon in the trans-Golgi network by furin. The cleavage of these zymogens by furin during transport allows for delivery of active enzyme to the cell surface in the case of the MT-MMPs or the extracellular space in the case of MMP-11 and -28 (28).
The prodomain includes a highly conserved amino acid sequence that is contained within the prodomain, PRCGXPD (30, 31). Early evidence presented by Sanchez-Lopez, et al.¸ indicated that mutation of the region around the autocatalytic site in rat transin increased the activation of the zymogen (32). Later, it was determined that mutation of the cysteine residue results in a zymogen with a higher proclivity for activation (33); modification of the sulfhydryl group also releases the cysteine switch (34). The sulfhydryl group of the cysteine located in the highly conserved amino acid sequence of the prodomain region functions to occupy the catalytic Zn 2+ ion and prevent the necessary water molecule from interacting with the ion (35). The so-called "cysteine-switch" mechanism of inhibition explains the ability of organomercurials and proteolytic cleavage to activate MMPs. Ion chelating agents such as EDTA can activate MMPs because of the removal of Zn 2+ from the cysteine (36); organomercurial agents and detergents such as sodium dodecyl sulfate results in a change in protein conformation that allows for release of the cysteine switch (36, 37). Activity of proteases such as urokinase-type plasminogen activator (uPA), furin convertases, and other active MMPs release the Zn 2+ by physically removing the prodomain and therefore the critical cysteine residue (31,38-44).
Not only is the cysteine residue crucial to the ability of prodomain to perform its inhibition function, mutational studies have found that there are other amino acid residues in the region that play a role. The arginine and glutamate that function to form a salt bridge have also been shown to be critical to the activation state of MMPs, as mutations of these residues disallows activation by the mercurial compound 4-aminophenylmercuric acetate (APMA) (30, 45, 46). Also, another study of MMP-3 implicated the tyrosine and leucine residue in the ability of the prodomain to efficiently shield enzyme activity (47). Expression of single mutants for these residues resulted in expression of active enzyme (47).
Unique to proMMP-1, the prodomain also interacts with the hemopexin domain. The prodomain backbone of MMP-1 is similar to other MMPs but the orientation of the prodomain toward the hemopexin domain differs (27) . When the proMMP-1 structure is compared to the active MMP-1 structure, it appears that the changed orientation of the prodomain minimizes the gap that exists between the hemopexin and catalytic domain in activated MMP-1 (27). This phenomenon may physically prevent substrate from entering the active site, as the hemopexin domain would be rearranged such that the active site residues are more accessible for substrate (48). MMP-26 also holds an exception to the general prodomain rules in that its prodomain consensus sequence varies by one amino acid residue, namely a histidine immediately before the critical cysteine (49, 50). Replacement of the histidine residue with the traditional arginine does not allow for APMA induced activation, suggesting MMP-26 latency is not maintained through the prodomain (50).
Interestingly, and counterintuitively, the prodomain of membrane associated MMPs, such as MT1-MMP, have also been implicated in the activity of the enzyme (51). MT1-MMP requires the prodomain for activation of MMP-2; loss of the prodomain does not interfere with the catalytic activity MT1-MMP against gelatin substrates, but does in fact reduce the ability of MMP-2 to be activated (52). Specifically, a conserved region of the prodomain, 42 YGYL 45 contributes to the folding and function of the prodomain as an activator of MMP-2 (53).
The catalytic domain
The catalytic domain is highly conserved amongst the MMPs and the domain structures between the MMPs are very similar, nearly matching in their 3-dimensional structure (20, 22) . The spherical catalytic domain extends over a 40 angstrom diameter and the shallow active site is situated at the front surface (22). The substrate binding groove contains a flat, unprimed side and a narrow primed side which contains the specificity pocket, S1' (54). The catalytic domain is composed of three alpha-helices and a five-stranded twisted betasheet (betaI-betaV) (22,28). The strands in the betasheet are parallel in orientation to one another, with the exception of the betaIV. The alphaA backing helix and the alphaB active site helix are in close proximity to the beta-sheet; the contacts between the helices and sheets are hydrophobic and therefore form a hydrophobic core. Several of the loops connecting each beta-strand extend away from the surface of the sheet and these are unique to MMPs as compared to other members of the metzincins (22). The loops participate in coordinating the non-catalytic ions, specifically the second Zn 2+ ion and up to three Ca 2+ ions, which serve to provide structure to the loops (22,28,48). This domain is split by the active site asymmetrically, resulting in a larger N-terminal region (average 127 residues, often termed "upper") and a smaller C-terminal region (average 37 residues, often termed "lower") (22).
The large LbetaValphaB loop leads from strand betaV to the active helix, alphaB. The alphaB helix contains the first half of the conserved zinc-binding sequence HEXXHXXGXXH, meaning it has the first two histidines required for coordinating the catalytic Zn 2+ in addition to the glutamate that participates in catalysis and ends with a turn allowed by the glycine residue (22). The turn is crucial for the third histidine to make contact with the zinc ion. Following the conserved Zn 2+ binding sequence is a loop that leads to the methionine, which is termed the "Met-turn" (17). This is a highly conserved 1, 4 beta-turn within the metzincins, however it has been shown not to be necessary for proper folding and function of the enzyme (28,55). The loop following the Met-turn is the "specificity loop" that leads to the final helix of the catalytic domain (alphaC) (22, 28). This loop is required for distinguishing substrates and imparts a level of specificity to each MMP.
While all MMPs share this general catalytic domain structure, there are certain other elements found in particular MMPs. For example, the transmembrane MMPs have an additional eight residues forming what is known as the "MT-loop" that is found within the loop connecting beta-sheets II and III (LbetaIIbetaIII) (20, 22). The MT-loop plays a critical role in the ability of some transmembrane type MMPs (not MT4-MMP or MT6-MMP) to activate MMP-2 via interactions with TIMP-2 (56,57). Additionally, the MT-loop of MT1-MMP has been documented to affect the ability of MT1-MMP to localize to cell adhesions and influence cell invasion without directly affecting the ability of the enzyme to catalyze gelatin degradation or induce cell migration (58). Each of these MMPs have slightly different MT-loops, with the exception of the Pro-Tyr residues at the N-terminus, © 1996-2015 and therefore potentially dictate the differential functions of the MT-MMPs, although it is currently unclear exactly which substrates would interact with the loop segment (58).
MMP-2 and MMP-9, both gelatinases, contain three fibronectin-like repeats within the LbetaValphaB helix, however these fibronectin-like repeats are oriented away from the enzyme not disturbing the structure of the catalytic domain (22,28). The structure of the fibronectinlike domain with three individual repeats implies that they may be separate binding sites (28). This domain can be expressed on its own and has the ability to interact with basement membrane components such as collagen for degradation and proteoglycans containing heparin sulfate, implying these interactions can contribute to extracellular localization (59). Conversely, deletion of the fibronectin-like region of MMP-2 results in impaired degradation of collagen and gelatin (60). Gelatin binding capacity is also conferred to MMP-9 via these fibronectinlike repeats (61).
Hinge/linker region
The hinge (or linker) region is a stretch of amino acids that follow the catalytic domain and leads to the hemopexin domain. This region may vary from 15 to 65 residues, depending on which MMP is in question (48). The structure of the linker plays a role in the ability for MMPs to process their substrates, as mutation of the proline rich region has been documented to reduce the ability of MMP-8 to degrade collagen (62). The linker has been purported to make contacts with both the catalytic domain and the hemopexin domain and serves to stabilize their arrangement and contribute to proper enzyme function (48). Recent evidence indicates that the linker region's flexibility is crucial to mediating the conformational change required for interaction between the catalytic and hemopexin -like domain and therefore, proper catalysis and specificity (63,64).
Hemopexin-like domain
The hemopexin domain is a four-bladed beta-propeller structure that begins with a cysteine residue and ends with another; the two cysteines form a disulfide bond to establish the propeller-like structure (48). Mutation of these cysteines results in loss of the proper structure, and therefore function (65) . Centrally located within this region are three water molecules and three ions, including Ca 2+ , Na + , and Cl -, which may be crucial to structure stabilization (48, 66, 67) . For example, use of chelating agents against the hemopexin domain of MMP-2 results in the loss of binding to fibronectin and heparin (65, 68) . The hemopexin-like domain has been shown to be crucial to substrate recognition and specificity (collagenases), while in other cases loss of or lack of the hemopexin-like domain does not substantially inhibit the enzymes (MMP-7, -12, and -26) (28,65,69).
In the case of MMP-2, deletion of the hemopexin-like domain leads to lack of collagenolytic activity but retains catalytic activity against substrates such as casein or small synthetic peptides (65) . Recently, the hemopexinlike domain has been implicated in the ability of MMPs to orient collagen for catalysis by binding two of the three strands of collagen, mediated by particular residues, allowing the third strand to be oriented into the active site (70) . Because the hemopexin-like domain of MMPs can mediate interaction with substrate, it has become a target for inhibition in recent years (71-74).
Membrane-type matrix metalloproteinases
MT-MMPs are primarily responsible for pericellular degradation of ECM components and activation of soluble MMPs. They are also in a prime position to cleave other cell surface proteins. All membrane-type MMPs include an RXR/KR motif at the C-terminus of the pro-domain that serves as a proproteinconvertase site and allows for cleavage of the zymogen to the active state. MT1-MMP, MT2-MMP, MT3-MMP, and MT5-MMP have all been documented to have singlepass transmembrane domains that span approximately 20 amino acids (41, (75) (76) (77) (78) (79) . The transmembrane domain is followed by a small intracellular cytoplasmic tail.
MT4-MMP and MT6-MMP are membranetype MMPs that share most of the same domains as other MT-MMPs, but are membrane bound via a glycophosphatidylinositol anchor (GPI-anchor) at the C-terminus of the hydrophilic stalk region of the these proteases (77, (79) (80) (81) (82) . The incorporation of a GPIanchor includes removal of the small hydrophobic tail that follows the stalk region found in MT4-MMP and MT6-MMP (79, 83) . The transamidase enzymes operate in the endoplasmic reticulum and MT4-MMP and MT6-MMP are therefore processed in transit to the plasma membrane (79) . The GPI-anchor is finally attached to the C-terminal of the protein via an amide link to phosphoethanolamine (79) . The GPI-anchor allows for these proteases to be localized to lipid rafts and participate in signal transduction, potentially by directly modifying components of the lipid raft (79) . These MMPs do not have an intracellular domain however their small stalk region does contain some unique characteristics. There are several cysteine residues present in the stalk region and they are reported to mediate the disulfide linkages that results in dimerization that plays a role in MT6-MMP stability (79,84).
Additional domains
The furin recognition domain is a sequence of amino acids that allows for intracellular cleavage of certain MMPs, which may result in secretion or delivery to the cell surface of active enzyme, as proprotein convertase activity can release the pro-domain (40) . MT-MMPs, including MT1-MMP, MT2-MMP, MT3-MMP, and MT5-MMP contain furin recognition domains (85) (86) (87) . Interestingly, it has been suggested that cleavage of © 1996-2015 MT1-MMP by a convertase is not required for its MMP-2 activating activity (85) . MT5-MMP contains a classic furin-recognition site located between the prodomain and the catalytic domain, but it also contains another site that is sensitive to convertase activity. Cleavage of this secondary site may result in loss of MT5-MMP from the plasma membrane and the resultant shedding equates to loss of the MT5-MMP function at the cell surface (87). MT4-MMP and MT6-MMP, the GPI-anchored membrane proteases, also contain a furin recognition site and can be activated by the proprotein convertase (77, 88) . MMP-23 is also integrated into the plasma membrane (type II transmembrane protein) and includes a furin-recognition site which is sensitive to proprotein convertases (24). MMP-11 and MMP-28 also harbor the furin-recognition site and can be proteolytically processed and activated by cleavage (40, 89) . Not only can furin act as an activator for MMP-28, but also as a chaperone for secretion, assigning a non-proteolytic role to furin for MMP modulation (90) . Interestingly, proMMP-2 can be cleaved in the transGolgi network by furin, but this cleavage activity results in an inactive enzyme (91) .
Originally found in Xenopus laevis, XMMP, was identified as a novel MMP that contained a signal peptide, a furin-recognition domain, as well as the typical catalytic domain and hemopexin-like domain, although there is no evidence of a hinge region in the human homologue MMP-21 (92, 93) . Following this discovery, the human orthologue MMP-21 was cloned (94) . Uniquely, XMMP contains a vitronectin-like domain between the propeptide region and the furin-recognition domain which is not found in the human orthologue (94) . The human counterpart of XMMP contains a prolinerich insert between the propeptide and furin-recognition domains (93) .
MMP-23 contains all of the major domains of the other MMPs, including the prodomain, the catalytic domain, the conserved Met-turn, and a hinge region (95, 96) . The prodomain of the enzyme contains the conserved Cys and Pro residue for the cysteineswitch latency mechanism, but lacks the surrounding conserved residues (95) . Strikingly, downstream of the catalytic domain, there exists a Cys-array and the C-terminal portion of this enzyme contains an Ig-like C2-type fold (96) . The Cys-array, also known as the toxinlike domain, has been documented to influence certain calcium channels (97) . The Ig-like fold within MMP-23 may be responsible for substrate interaction, analogous to the hemopexin-like domain in most other MMPs, as Ig-like C2 domains are normally responsible for proteinprotein interactions (97) . The N-terminal signal anchor of MMP-23 results in localization to the membrane as a type II transmembrane protein (as opposed to C-terminal transmembrane domains or GPI-anchors of other MT-MMPs) and cleavage by a proprotein convertase results in activation/secretion (24).
Posttranslational modifications
MMPs may also be post-translationally modified. There is evidence in MT1-MMP that the palmitoylation of Cys 574 in the cytoplasmic tail contributes greatly to the activity of this MMP by mediating internalization (98) . Furthermore, differences in glycosylation have been determined to affect protease stability; differential O-glycosylation of MT1-MMP leads to slower protease turnover (99, 100) . Not only has glycosylation of this protease been linked to turnover rate, but also has been found to influence the autocatalysis of MT1-MMP. MT1-MMP with reduced glycosylation in the linker regions has the ability to autocatalyze, implying that glycosylation may play a crucial role in protease stability (101) . Interestingly, the glycosylation pattern of MT1-MMP has been linked to a particular cytoplasmic tail motif, dileucine 572 , which may be responsible for mediating interactions with proteins necessary for proper glycosylation (102). O-glycosylation of MT1-MMP may also be a mechanism of control, as differential glycosylation of the linker region impedes the recruitment of TIMP-2 necessary for the ternary MMP-2 activation complex without significantly affecting collagenolytic activity (100). Relatedly, MT6-MMP also exhibits O-glycosylation (79) .
Approximately 85% of the glycosylation found on MMP-9 is of an O-linked nature (103, 104) . The heavily O-linked glycosylation domain of the linker region (OG domain), in addition to the cysteine residue found in this area, is critical in mediating interactions with TIMP-1 and MMP-9's cargo receptors LRP-1 and megalin (104) . These interactions are crucial as they can limit the availability of activated MMP-9. N-glycosylation patterns have also been associated with some MMPs. The pro-form of MMP9 also has N-glycosylation sites and this carbohydrate modification is purported to serve as protection from autocatalysis, similarly to O-glycosylation (105) . MMP-3 and MMP-8 share the same N-linked glycosylation site as MMP-9 (106). MMP-1 also contains N-glycosylation sites located just outside of the signal peptide domain (107) .
Another post-translational modification associated with MMPs is phosphorylation. MT1-MMP undergoes Src mediated phosphorylation at the cytoplasmic tail in cells expressing Src kinase or those stimulated with sphingosine-1-phosphate (S1P) (108) . The MMP-2 zymogen has several phosphorylation sites and the phosphorylation status of this protein influences enzymatic activity (109) . Further studies indicate that glycosylation of MMP-2 results in a shift in conformation that may be directly linked to activity (110).
THE MECHANISM OF ACTION OF MATRIX METALLOPROTEINASES
As outlined by Overall, catalysis by MMPs require binding of the substrate to the active site, a compatible © 1996-2015 specificity pocket (S1') that defines the active site, the catalytic Zn 2+ properly coordinated with the presence of the catalytic glutamate, and binding of substrates to sites outside the catalytic site (exosites) (65) . The target peptide binds to the active site by forming hydrogen bonds between the substrate and active site in an antiparallel fashion (65) . Once properly oriented, the substrate can be hydrolyzed.
The reaction carried out by matrixins is considered an ordered, single-displacement reaction that follows Michaelis-Menten kinetics and is optimal at a neutral pH. The mechanism by which MMPs can cleave their substrates has been established based on structures gathered through the years characterizing thermolysin from Bacillus thermoproteolyticus and bovine carboxypeptidase A and later structures of MMPs in complex with substrates and inhibitors (19). 
MMP EVOLUTION
It is suggested that the origins of MMPs dates back to the appearance of bacteria, as B. fragilis has a peptide sequence for metal-containing enzymes and plants have also been found to encode MMPs (112) (113) (114) . The signal peptide (pre-domain), pro-domain, and catalytic domains appear in all MMPs, which suggests the primordial gene from which the MMPs derive contained coding for these domains (115) . The additional fibronectin and hemopexin domains are in distinct exons and it is likely the gelatinases obtained the fibronectinlike and type-V collagen-like domains by domain insertions (115) . MMP-9 likely derived from MMP-2 via gene duplication and then domain insertion, as it contains the additional type-V collagen-like domain (115) . Not only do the MMPs share similar protein structure, but they also have similar gene structure. The MMPs exon-intron junctions are similar, suggesting they were in existence before the separate enzymes (116) . Insertions such as the fibronectin-like repeats or the vitronectin-like domain appear to be a result of exon shuffling (116) . Based on phylogenic trees generated for the MMP family, the earliest event was acquisition of the cysteine-switch, followed by insertion of the vitronectin-like domain (with a subsequent loss of it from matrilysin), and then insertion of the fibronectin-like domains (116) . Extension of the hinge region of MMP-9 was one of the later events in MMP evolution, distinguishing MMP-9 from MMP-2 (116).
CONTROL OF MATRIX METALLOPROTEINASES
Matrixins are classically associated with matrix degradation, but the repertoire of these proteases has expanded to include other protein substrates such as pro-proteases, clotting factors, adhesion molecules, cryptic growth factors, and cytokines, amongst others, implying that MMP activity can have a huge impact on a wide range of processes (22). Therefore, the function of MMPs are tightly regulated at the level of transcription, post-transcriptional modification, posttranslational modification, production in the zymogen form (requiring activation), non-specific inhibition by alpha 2 -macroglobulin, and co-expression of tissue inhibitors of metalloproteinases (TIMPs); these mechanisms collectively serve to limit the activity of the proteases (19,22) . Frequently, these mechanisms of inhibition are dysregulated under pathological conditions, which contributes to worsening of disease (22).
Under normal conditions, most MMPs are expressed at low levels, with transcription being highly regulated. One major mechanism of control is the tissue-type restriction of MMP expression. Only certain types of MMPs are expressed in particular tissues, implying that contextual cues dictate which MMP will be expressed (117) (118) (119) . Active cytokines and growth factors are able to modulate MMP expression, positively or negatively. Frequently, cytokines and growth factors induce or activate c-fos and c-jun, which can dimerize and bind AP-1 at MMP promoter sites and encourage transcription (118) . However, it is found there can also be a more complex control of MMP expression by growth factors. For example, TGF-beta can have differential effects by repressing MMP-1expression but can induce MMP-13 (120). Core binding factor-1 (Cbfa1) is associated with expression of MMP-13 in osteoblasts after TGF-beta exposure (121) . Stabilized beta-catenin has also been implicated in transcription of matrilysin, which is significant in that dysregulation of beta-catenin activity in colonic cancers is a major determinant of carcinogenesis (122) . The MT1-MMP promoter contains regulatory elements including an Figure 2 . General catalytic mechanism of MMPs. Based on structural data, a general mechanism of action has been delineated for MMP catalytic activity. Reproduced with permission from (212). © 1996-2015 Sp1 binding site, 4 CCAAT/enhancer-binding protein (C/EBP) sites, hypoxia responsive elements, and a regulatory region which contains an Ets site which binds Elf-1 and E1AF (123) (124) (125) . Stromelysin-3 transcription has been reported to be controlled by the C/EBP sites and retinoic acid-responsive elements (RAREs) (126) . p53 has also been implicated in the control of MMP expression. Highlighting the complexity of MMP control by transcription factors, p53 has been associated with increased MMP-2 transcription while it is a repressor of MMP-1 transcription (127, 128) . Overall, there are several transcription factors that can promote transcription of MMPs derived from a variety of signaling pathways, with each MMP having a particular combination of sites in their promoters (129) . Single-nucleotide polymorphisms (SNPs) have also been implicated in controlling MMP expression. While most SNPs are functionally ineffective, certain polymorphisms in the promoter of MMPs can lead to disease susceptibility (130). Polymorphisms in the promoter of MMP-3, MMP-9, MMP-1, and MMP-12 contribute to atherosclerosis, aneurysm, and cancer invasion and metastasis (131) . SNPs in the MT1-MMP promoter region have been identified as well, with two sites being identified and associated with a downregulation of MMP-14 transcription in renal disease (125) . The MMP-2 promoter also contains polymorphisms that can contribute to transcription factor binding through changes in the Sp1 site (132) . Interestingly, SNPs may also mediate the ability of microRNAs to negatively regulate MMP expression by altering the microRNA recognition sequence within the mRNA (133) . Several microRNAs have been associated with modulation of MMP mRNA levels (134) . MMP mRNA longevity can also be modified to control expression of the enzymes. TGF-beta treatment has been found to increase the mRNA stability of MMP-9 (135). Cortisol treatment of osteoblasts also results in an increase in mRNA stability of collagenase (136) . These mechanisms are most likely indirect, by affecting the mRNA modifying proteins. Epigenetic controls have also been documented to influence MMP expression (129) . DNA methylation of the MMP-9 promoter has been associated with suppressed transcriptional activity and decreased MMP-9 expression (137). Hypermethylation treatment results in a decrease of MMP-2, along with other cancer associated proteins such as VEGF and uPA (138) . An additional level of control derives from the modification of histones (129) . Histone acetyltransferases serve to add acetyl groups to the histone proteins, which loosens the chromatin and allows for transcriptional machinery to access promoter regions, and this phenomenon has been documented in the case of MMP-1 and MMP-9 (129). Furthermore, the MT1-MMP/MMP-2/TIMP-2 activation axis is regulated by DNA methylation and histone modification (139) . Posttranslational efficiency has also been associated with regulation of MMPs, particularly MMP-9 (140,141).
Post-translational modification is required for MMPs in that they must release their pro-domain in order to be fully active. This often requires the action of other proteases in the extracellular space, such as fellow MMPs or serine proteases. Specifically, in the case of MMP-2, MT1-MMP/TIMP-2 complexing is required to activate the soluble MMP-2 (51,142). In the case of MMPs that contain furin-like recognition domains (RXK/RR), intracellular proprotein convertases activate the proteins in the Golgi as they are transported in order to get to their final destination (40) .
Initially identified in human skin fibroblasts as an inhibitor of collagenase, tissue inhibitors of matrix metalloproteinases (TIMPs) are naturally occurring inhibitors of MMPs that may have co-evolved with the development of connective tissue (143, 144) . Four TIMPs have been identified in humans (1-4) and are small glycoproteins that consist of two domains (145) . They include an inhibitory N-terminal domain and a C-terminal domain that are each structurally stabilized by three disulfide-bound loops (146) . These loops are critical to the stability of TIMPs and mutation of the residues severely restricts the ability of these inhibitors to function (147, 148) . The N-terminal region is composed of a five-stranded beta-barrel with Greek key motif in addition to alpha-helices (144) . TIMPs bind to MMPs in a 1:1 ratio and each have a certain specificity for each MMP and expression pattern (145) . These endogenous inhibitors tend to operate by binding the C-terminal portion of the MMP, or the hemopexin-like domain, and can also bind the zymogen form of MMPs (145) . The differences in amino acid residues that exists in the hemopexin-like domain and TIMPs likely causes the differential affinities observed for the MMPs amongst the TIMPs (145) . For example, TIMP-2 and -3 are capable of inhibiting MT-MMPs efficiently, unlike TIMP-1 (144). TIMP-1 is unique compared to the other TIMPs because it is glycosylated; this glycosylation may fine-tune the interaction of the TIMP with the active site and influence the effectiveness of the TIMP-1 (149). Colorectal cancer patients were found to have increased TIMP-1 in circulation, but the protein glycosylation profile was similar to that of normal, healthy donors, indicating it is not a good biomarker for diagnostic purposes (150) . In vitro studies indicate, however, that aberrant glycosylation on TIMP-1 can result in increased invasiveness, indicating a loss of inhibitory function (151) . Furthermore, TIMPs can form complexes with proteins that perform in a noninhibitory manner. TIMP-2 binding to MT1-MMP allows for pro-MMP-2 to be activated by drawing proMMP-2 in the vicinity of a second, active MT1-MMP molecule (144) . The TIMPs have also been associated with activities unrelated to MMP restriction (144) . For example, TIMPs have been implicated in growth promotion in certain cell types, despite the role of TIMPs in reducing tumor cell growth (152) (153) (154) (155) (156) . In fact, collective evidence suggests that TIMP-1 acts in a biphasic manner in reference to cancer progression. It has been documented that in early stages of tumor development, TIMP-1 may contribute © 1996-2015 to proliferation and anti-apoptotic behavior, while in late stage of disease, it acts in an inhibitory manner (149).
Alpha-2 macroglobulin also acts as an inhibitor of MMPs (157) . It is a relatively abundant serum plasma protein and is the major MMP inhibitor in circulation (118) . Alpha-2 macroglobulin complexing with MMPs results in receptor-mediated endocytosis, indicating that alpha-2 macroglobulin inhibition may result in an irreversible inhibition (due to clearance) as opposed to the reversible interactions between TIMPs and MMPs (118) . Another endogenous inhibitor of the MMPs includes the C-terminal fragment of procollagen C-terminal proteinase enhancer (PCPE), which is a protein that was originally documented to enhance the function of the procollagen C-terminal proteinase/bone morphogenic protein-1 (PCP/ BMP-1) (158, 159) . Other mechanisms of control also exist for MMPs, which include pericellular segregation of the MMPs and the dependence upon substrate presence. This spatial and temporal control of MMPs limits their activity within their particular milieu (118).
MMPS UNLEASHED: MATRIX METALLOPROTEINASE'S ROLES IN DISEASE
Collectively, the family of MMPs is capable of remodeling the ECM by cleaving components such as various collagens, laminins, and fibronectin, amongst others. Additionally, MMPs have been shown to activate cryptic growth factors embedded in the ECM, for example, TGF-beta. These proteases have a broad spectrum of substrates and therefore play a crucial role in development, signaling, and apoptosis (22). Work from Woessner in 1976 and Jeffreys in 1983 demonstrated that procollagenases can be recovered from normal, postpartum uterine tissue and primary cultures of the uterine tissue (160, 161) . This was some of the first work that demonstrated a role for MMPs in normal tissues. MMPs were ultimately found to play a critical role in the development of the reproductive system and the remodeling required for menstruation, pregnancy, and parturition (162) . Further work addressing MMPs roles in the normal inflammatory response and development were undertaken. Shipley, et al., demonstrated that mice lacking macrophage metalloelastase have diminished ability to degrade ECM and have abrogated ability to invade tissues, as they normally would during wound repair (163). Attempts to identify the role of MMP-2 in the processing of the beta-amyloid precursor protein demonstrated that MMP-2 knockout mice were viable, but lagged in growth compared to wild-type from postnatal day 3 to adulthood (164) . This implicated a role for MMPs in growth. Relatedly, MMP-9-null animals survive through the embryonic stage and develop into fertile adults, but were found to have a delay in bone ossification due to a lack of proper vascularization of bone growth plates, providing more evidence that MMPs play an important role in development (165) . Even more striking is that the global loss of MT1-MMP expression results in viable animals with severe developmental defects, including osteopenia, arthritis, and skeletal dysplasia (166) . Not only were these animals severely deformed, they also displayed a significantly shortened lifespan (166) . Each of these pieces of evidence suggests that MMPs play important roles in a variety of non-pathogenic, physiological conditions. Unfortunately, because of their ability to affect several crucial processes, these proteins have been associated with various pathologies such as arthritis, cancer and metastasis, and cardiovascular disease, just to name a few. Collagenase activity can be observed in synovial fluid collected from patients suffering from arthritis (167) , suggesting that these MMPs are playing a role in the destruction of the joint by destruction of collagen (168, 169) . At the time of this work, it was unclear the source of these degrading enzymes, but it was later found that the source of these MMPs in the synovial fluids of arthritis patients were in fact the lymphocytes present in the affected joint (170) . Since these early works, several proteases (including MMPs) have been associated with arthritis progression, however few effective treatments exist for this disease (reference (171) has an overview of proteases involved in arthritis).
Expression of MMPs has been correlated with cancer progression, relapse, and survival in multiple types of cancer, including lung carcinoma, colorectal cancer, and breast cancer (73, (172) (173) (174) (175) (176) . In support of the notion that MMPs contribute to tumor formation and progression, mice lacking MMP-7 expression have a reduced incidence of tumor formation of intestinal adenoma in the Min mouse model (177) . In 1980, Liotta, et al., demonstrated that there is a correlation between metastatic behavior of cells and the overexpression of collagenases, implicating MMPs ECM disruption capacity in the aggressive behavior of transformed cells (178) . Importantly, not only have the tumor-derived MMPs been associated with primary tumor development and progression, but cells in the stroma were found to participate in tumor progression by expressing MMPs which contribute to tumor cell invasiveness (179, 180) . The impact of MMPs on tumor progression not only lies in the contribution of MMPs to tumor cell invasion, but also to angiogenesis (181). Itoh, et al., demonstrated that lack of MMP-2 can abrogate the ability of cancer cells to induce angiogenesis (182) .
Metabolic syndrome, including obesity, insulin resistance, hypertension, and dyslipidemia, is a risk factor for cardiovascular disease (21). Both genetics and lifestyle can influence development of metabolic syndrome, but ultimately cardiac health is affected negatively by incurring metabolic syndrome. Protease activity has been found to play a role in cardiac health as MMPs are induced by various aspects of metabolic © 1996-2015 disorder and influence cardiometabolic diseases, atherosclerosis and heart disease, insulin-resistanceassociated cardiac disease, as well as hypertensive heart disease (21, [183] [184] [185] [186] . Upregulation or downregulation of particular MMPs can influence atherosclerosis lesion formation, rupture, and platelet aggregation, amongst other aspects of vascular disease (187) . It has been shown a significant association of MMP-2 and MMP-9 with atherosclerotic lesion formation and remodeling (188) . Macrophage and smooth muscle cell-derived MMP-9 has been associated with atherosclerotic plaque rupture, which can eventually lead to myocardial infarction and sudden cardiac arrest (189, 190) . Furthermore, the cholesterol component of the atherosclerotic lesion may induce macrophage derived factors, such as cytokines, which can increase MMP expression or reduce the local expression of TIMPs providing an imbalance in proteolytic activity which contributes to plaque rupture by weakening the structure of the atherosclerotic lesion (191, 192) . Not only do MMPs play a role in various aspects of cardiovascular diseases, but they also influence patient response after treatment. For example, a rabbit model of stenting an artery post-injury results in collagen deposition and increased gelatinase activity, with use of an MMP inhibitor resulting in decreased hyperplasia (193) . MMP-9 and MMP-2 have also been implicated in the remodeling associated with abdominal aortic aneurysms (194) . Furthermore, local overexpression of TIMP-1 has been found to thwart aortic aneurysm rupture (195) .
This brief introduction to MMP's roles in disease makes it clear that the dysregulation of these MMPs and their endogenous inhibitors can be detrimental. Because of the ability of MMPs to affect a plethora of disease processes, including but not limited to the above mentioned diseases, MMPs became the prime target for drug development in multiple fields of disease study.
REIGNING THEM IN: EARLY SUCCESSES AND MAJOR FAILURE IN TARGETING MMPS
Evidence of the ability of MMPs to contribute to disease progression accumulated and concomitantly, evidence that inhibiting MMPs could contribute to disease regression or delay progression also accrued. Experiments demonstrated that upregulation of the endogenous MMP inhibitor TIMP-1 in cancer cells resulted in a smaller number of metastatic lesions as compared to control cells in an experimental metastasis model (196, 197) . While the overexpression of TIMP-1 in this case does not affect the extravasation of the cells into the secondary site, reduction in metastasis is thought to be a result of the inability of the cells to efficiently alter ECM at the site of metastasis (198, 199) . While TIMPs function to inhibit MMPs, the role of MMPs and TIMPs in tumor progression is complex and frequently cancer staging counterintuitively correlates with a high level of TIMP expression (200) . Therefore, TIMPs themselves are not particularly good candidates for therapeutic agents; they are small peptides and can actually perform dual functions (201) .
Early synthetic inhibitors were designed such that they mimicked MMP substrates based on amino acid sequence of triple helical collagen cleavage site (MMP-1) ; the inhibitors mimic the collagenase cleavage site (GlyIle or Gly-Leu) (202) . The inhibitors should interact with the active site and inhibit MMPs by chelating the catalytically active Zn 2+ and are generally most effective if the sequence mimics the P1' and P2' site (202) . The hydroxamic acid derivatives function to coordinate the catalytic zinc with the two oxygen atoms in its sequence and hydrogen bonding of the nitrogen of the hydroxamate and the carbonyl of the enzyme backbone help to stabilize the interaction with the inhibitor, in addition to van der Waals forces (201) . According to Whittaker, et al., there are four classes that MMP inhibitors can fall into based loosely on structure, including succinyl hydroxamates, sulfonamide hydroxamates, non-hydroxamates, and natural products (202) . Carboxylates, organoborate, and dithiolate are also Zn 2+ chelating groups, but the hydroxamic acid derivatives tend to contribute to a more potent inhibition (201) .
Hydroxamic acid derivatives, namely batimastat and marimastat (Figure 3 ), were some of the first promising peptidomimetic MMPIs (201) . Batimastat (BB-94) is a low molecular weight, reversible inhibitor of MMPs, which is broad spectrum in nature and was identified in early in vitro studies as decreasing tumor burden in various models of cancer and significantly reducing metastatic spread, and ultimately increased survival rates of involved animals (203) (204) (205) . Inhibition of hemangioma growth was observed in an in vitro model, and it was postulated that angiogenesis was abrogated with MMP inhibition which is a positive effect considering tumor reliance on generating neovasculature (206) . Intrapleural injection to patients was more effective against early-stage tumors, reducing angiogenesis and tumor burden, but late-stage disease treatment elicited no benefit (207) . The side effects included fatigue and nausea in addition to increased liver enzymes (207) . Batimastat is not orally available, however its relative marimastat (BB-2516) is an orally bioavailable drug (202) . While this drug did advance to clinical trials, side effects such as severe musculoskeletal pain sidelined the progress of this drug (208) . MMP inhibitors designed to target the active site were also designed to harbor carboxylate groups for the purpose of zinc chelation (202) ; these inhibitors tended not to be as potent as their hydroxamate relatives. Like batimastat, these compounds were not orally available. The thiol zinc-binding groups were also deemed effective against MMPs, performing only slightly worse than hydroxamate inhibitors (202) . Phosphorous-based zinc-binding groups have also been explored for the purpose of MMP inhibition, and phosphinic acid inhibitors have been found © 1996-2015 to be the most potent of the phosphorous-based inhibitor designs. Non-peptidomimetic inhibitors were developed for the purpose of attempting to circumvent the problems observed with the peptidomimetic compounds and clinical trials with BAY 12-9566 showed some promising results regarding reduced angiogenesis and lung metastases, but the side effects included liver and kidney toxicities and anemia (207) . Bisphosphonates have been explored as MMPIs, as they are capable of inhibiting several MMPs by acting as a zinc-chelator, by reducing MMP expression, and preventing MMP activation and breakdown (207) . Natural products have also been explored for the purpose of discovering novel MMP inhibitors. One of the most successful MMP inhibitors has been the tetracycline derivatives. Tetracycline's non-antimicrobial properties include inhibition of MMPs (209) . In order to avoid unwanted antibiotic action, chemically modified tetracyclines have been developed (210). This family of tetracyclines inhibit MMPs as they are able to inhibit inflammatory cascades that can cause MMP overexpression (210). In addition to this indirect method of inhibiting MMP activity, tetracyclines are capable of directly inhibiting the protease (209) . One of the most successful inhibitors of MMPs, doxycycline, is FDAapproved for use in the case of periodontal disease. Furthermore, pigment epithelium-derived factor is a naturally occurring serpin that has demonstrated antiangiogenic and anti-metastatic properties and may have potential to be used as a biological treatment (207) .
Overall, the mechanism of inhibition by synthetic MMPIs has been relatively broad spectrum and that is the primary reason for failure of these drugs in clinical trials, with the exception of a few successes. The ability of these MMPIs to inhibit multiple MMPs can result in inhibition of MMPs during normal physiological processes and, unfortunately, can also inhibit MMPs that contribute to disease prevention, i.e.: anti-tumoral MMPs (MMP-3, -8, -9) (207) . Incurring painful musculoskeletal side effects is another major reason for trial failure. Other reasons for failure of Phase III clinical trials with MMPIs include dosing issues (doses for healthy volunteers as opposed to cancer patients) and study design, specifically the inclusion of only late-stage disease sufferers. Despite these failures, a list of over fifty clinical trials is currently on record at clinicaltrial.gov that involve MMPIs. Furthermore, there are currently many new strategies being developed for MMP inhibition in various kinds of diseases, yet many are still in in vitro settings. For example, work has been undertaken to identify MMP-specific inhibitors, including those for MMP-9 and MMP-14. A peptide that mimics the MMP-9 PEX domain blade IV that mediates homodimerization of the protease has been developed; this peptide effectively reduces cell migration by blocking the requisite dimerization of MMP-9 (71, 211) . Furthermore, a novel, small-molecule inhibitor of MMP-9 that selectively targets the PEX domain based on docking studies using the ZINC 2007 database has been identified (72) . The best performing hit reduced cell migration and invasion and was shown to reduce tumor growth and metastasis in an orthotopic model (72) . MMP-14 has also been targeted in a similar fashion; two of the outer blades of the PEX domain (blade I and blade IV) are responsible for interaction with CD44 (another cell surface molecule) and MMP-14 (73) . Synthetic peptides that mimic these regions of MMP-14 prevent hetero-and homo-dimerization. These peptides were effective at reducing the ability of MMP-14 expressing cells to migrate and invade, and ultimately, were able to prevent metastases in a mouse model (73) . Despite these developments in specific MMP inhibitor discovery, MMPs remain a prime target in the context of many diseases and the race for novel inhibitors continues.
THE FUTURE OF MATRIX METALLOPROTEINASES
Historically, MMPs were identified on the basis of their ability to modify ECM; we now understand that the activities of MMPs are more nuanced than that alone. They affect growth factors and cytokines, induce cell signaling, and ultimately contribute to the progression of multitudes of diseases. Targeted inhibition of MMPs currently seems to be the main avenue of exploration in development of novel inhibitors and there is still much to be learned about the subtle ways MMPs are controlled and our ability to manipulate them. The remainder of this special review edition of Frontiers in Biosciences details the importance of MMPs in major diseases and the current outlook on each field. The effects of MMPs are broad and various in nature; a deeper understanding of the proteolytic and non-proteolytic activities of MMPs will be crucial in developing more effective, targeted therapies in many of the diseases that MMPs are critical players in. 
